This study investigated the influence of the fetal environment on the healing characteristics of adult skin.
Summary Background Data
The remarkable ability of the fetus to heal without scarring is poorly understood. The unique qualities of fetal wound healing may be caused by the fetal environment, the fetal tissues, or a combination of both. There are numerous differences between the prenatal and postnatal environments that may play a role in the unique fetal response to injury.
Methods
Full-thickness adult sheep skin was transplanted onto the backs of 60-day-gestation fetal lambs (term, 145 days of gestation). The adult skin grafts were thus perfused by fetal blood and bathed in amniotic fluid. Previous work has demonstrated that, before midgestation, fetal lambs do not reject allogeneic skin grafts. Forty days later (100 days of gestation), incisional wounds were made on both the adult skin graft and the adjacent fetal skin. The wounds were harvested 14 days postwounding and analyzed by both light microscopy and immunohistochemical testing using antibodies to collagen types 1, III, and VI.
Results
The wounds in the adult skin grafts healed with scar formation. This observation contrasts strongly with the scarless healing of the incisional fetal skin wounds.
Conclusions
This study suggests that scarless fetal skin healing properties are intrinsic to fetal skin and are not primarily the result of the fetal environment.
Fibrosis and scarring after injury or surgery, with their of ideal tissue repair. Understanding the biology of this limitations on function, growth, and appearance, carry process may allow us to modulate wound healing in chilpotentially devastating consequences in all organ sys-dren and adults to become more fetallike.' This possibiltems. The fetus is uniquely capable of healing skin ity has spawned a recent research interest in fetal wound wounds without scar formation and provides a model healing.24 These studies have described the scarless na-66 Longaker and Others ture of fetal repair in several species, and recent experience with both human fetal surgery5"6 and human fetal skin wound repair7 has supported these experimental findings. However, the mechanisms controlling scarless fetal healing remain largely unknown.
Scarless fetal skin healing may be unique to the fetal tissues, the fetal environment, or a combination of both. This study focuses on the effect of the fetal environment on adult and fetal tissue repair. The fetal wound environment is different from the wound environment after adult tissue injury, that is, the fetus is relatively hypoxemic8 and is immersed in warm, sterile amniotic fluid known to be rich in growth and trophic factors.9 This unique fetal milieu may play an important role in supporting the scarless fetal skin healing that occurs in fetal lambs. The purpose of this study was to address the role of the fetal environment in scarless wound healing. Can transposing adult skin into the fetal environment modulate its wound healing to become more fetallike? To pursue this, we transplanted either maternal or late-gestation fetal sheep skin onto early-gestation fetal lambs, subsequently wounded the grafts, and then examined the effect of the fetal environment on adult and late-gestation skin repair.
We hypothesized that adult wound healing may become more fetallike by placing the wounded adult tissue within the fetal environment. Initial attempts to place adult tissue into the fetal milieu, using a maternal Rouxen-Y small bowel loop or a maternal myocutaneous flap placed inside the uterus, failed because of amniotic fluid leaks, infection, and abortion. Consequently, we decided to take advantage ofthe immature fetal immune system. Previous work has shown that adult allogeneic skin grafts placed onto fetal lambs before 77 days of gestation are not rejected.'0'2 We therefore placed maternal (adult) skin grafts onto fetuses at 60 days of gestation, and 40 days later (1 00 days ofgestation), incisional wounds were made in the adult skin graft and in the surrounding fetal skin. The epidermis of postnatal skin functions principally as a barrier (preventing dehydration and microbial invasion), and this barrier may obstruct any potentially beneficial effects of the amniotic fluid on the adult dermal wound healing. At 120 days of gestation, fetal skin may not act as a complete barrier. To determine if the early fetal environment could modify the healing characteristics of late-gestation fetal skin-which heals with scarring"-we transplanted 120-day-gestation fetal skin and 400 mg of kanamycin (Kantrim, Bristol-Meyers, Syracuse, NY) was infused during the procedure. The abdomen was shaved, aseptically prepared, and a 4 X 2-cm full-thickness maternal skin graft was harvested from the abdomen, defatted, and kept moist. Skin for grafting was always removed from the abdomen of the donor because its softer nature facilitated fixation to the fetal recipient. After a midline laparotomy to expose the uterus, a 5-cm hysterotomy was made with careful attention to secure all layers of the uterine wall and amniotic membranes. The fetal back was delivered into the operative field, and a 4 X 2-cm area of fetal skin was excised to create the recipient graft bed (Fig. 3A) . The maternal graft was copiously rinsed in warm, sterile saline and secured onto the fetal back using 6-0 Surgilene suture (Davis & Geck, Danbury, CT). A 2 X 2-cm piece offetal skin was also autotransplanted onto the fetal back as a control for the effect oftransplantation on wound healing (Fig. 3B ). Amniotic fluid was restored, and the uterus was closed using a TA-90 stapler (US Surgical, Norwalk, CT). The laparotomy was closed in layers, the maternal graft site was closed primarily, and the ewe was returned to her stall.
Two 120-day-gestation fetuses were used as donors for the skin grafts. This was accomplished by fetal surgical techniques as described earlier. A 4 X 2-cm full-thickness skin graft was removed from the 120-day fetal back after hysterotomy. These grafts were transplanted onto 60-day-gestation fetuses using the techniques described. Forty days later (100 days of gestation), the maternal ewes underwent general anesthesia as described earlier.
After laparotomy and hysterotomy, the fetal hindquarters were exposed. The fetuses had grown in size approximately 300% during the 40-day interval. The wool-bearing maternal and 120-day-gestation fetal grafts were easily distinguishable from the surrounding fetal skin. By contrast, the fetal autografts were indistinguishable from the surrounding fetal skin and were marked only by four sutures (Fig. 3C) . A 2-cm full-thickness incisional wound was made in both the maternal and fetal skin grafts and into the adjacent fetal skin, and the wounds were sutured closed with interrupted 6-0 Surgilene (Fig. 3D) . The maternal and 120-day-gestation fetal grafts appeared healthy and bled when incised. There was no gross evidence of graft rejection or graft-versus-host disease. Am-60 days 100 days gestaton gestabon Figure 2 . Line drawing of skin graft wounding. At 100 days of gestation, the fetus underwent reoperation, and both the adult and fetal skin grafts were incisionally wounded.
niotic fluid volume was restored with warm saline, and the hysterotomy and laparotomy wounds were closed. The ewe was returned to her stall.
Wound Harvest
Fourteen days after wounding, the maternal ewe underwent anesthesia, laparotomy, and hysterotomy. The fetuses were delivered into the field and killed by intracardiac Beuthanasia-D (Schering, Kenilworth, NJ) overdose. The wounds in both the adult and fetal skin grafts and surrounding fetal skin were excised intact. One half of each bisected adult and fetal wound was immediately snap frozen in precooled isopentane and stored at -80 C for immunohistochemical analysis. The other half of each wound was formaldehyde-fixed and paraffin-embedded for histologic analysis.
Wound Analysis
Sections from the paraffin-embedded tissue were stained with either hematoxylin and eosin ( sections were covered with a secondary antibody for 1 hour at room temperature, washed three times with PBS, and mounted in nonfading medium (1,4-diazobicyclo (2,2,2)-octane, Ig; glycerol, 9 mL; PBS, 1 mL). The sections were analyzed and photographed using a Leitz fluorescence microscope and Ektachrome 160ASA film (Eastman Kodak, Rochester, NY). The antibodies had been previously characterized for specificity using preabsorption with the antigen before staining.3 Initially, for each primary antibody, control sections were processed in the same manner, substituting preimmune serum for the primary antibody. These controls gave uniformly negative results, and further control sections were processed substituting PBS for the primary antibody.
Antibodies
We used the following: 
RESULTS
Seven fetuses survived skin grafting, and three fetuses were aborted. This survival rate is similar to previously published data for fetal surgery on similarly aged fetal lambs.'4 All the maternal grafts on the surviving fetuses were viable. There were no signs ofgraft-versus-host disease in any of the fetuses. Histologic examination of the adult skin grafts revealed no evidence of rejection, that is, no mononuclear cell or giant cell infiltrate.
Adult Wounds
Grossly, the surface of the adult skin grafts was covered by matted wool and debris. Beneath this layer, the wounds on the adult skin graft were visible as a scar. H & E and trichrome staining of the adult wounds at 14 days (54 days posttransplantation) showed a well-healed wound. The epidermis was thickened at the wound site, and a distinct band of scar tissue was present, with an absence of hair follicles within the scar (Fig. 4A) .
The interstitial collagen types I, III, and VI are widely distributed in the extracellular matrix of normal dermis. All three collagen types showed a similar staining pattern in normal dermis and at the site of the wound. Within the wound, densely packed, parallel bundles of collagen were deposited that lay perpendicular to the wound surface. This differed from the reticular pattern of fibrils in the adjacent normal dermis and is illustrated for type VI collagen in Figure 4C . A virtually identical pattern was seen for both type I and type III collagens (data not shown), confirming previously described findings in fetal monkey, fetal sheep, and fetal mouse incisional wounds.3'4"3
Fetal Autograft and Fetal Skin Wounds
Grossly, the wounds on the fetal autograft and surrounding fetal skin were not discernible at 14 days. With H & E, trichrome, and immunohistochemical analysis, the structure of the fetal autograft appeared identical to the normal fetal dermis. H & E staining of the fetal wounds at 14 days showed complete healing, with a normal tissue architecture indistinguishable from the surrounding unwounded fetal skin (Fig. 4B) . Collagen types I, III, and VI all showed a reticular staining pattern within the fetal wounds identical to that of the unwounded fetal dermis (Fig. 4D ).
Late-Gestation Fetal Skin Wounds
At 14 days postwounding (54 days posttransplantation), the 120-day fetal skin was easily identifiable because it was wool bearing and of an adultlike skin thickness. Histologically, the 120-day fetal skin had differentiated from the time ofgrafting and looked similar to the adult skin. Scar formation was clearly visible at the site of the wound.
DISCUSSION
We defined a scar morphologically as the lack oftissue organization compared with the surrounding normal tissue architecture. Wounds in the adult skin graft healed with scar formation in a similar manner to normal adult wounds. By contrast, wounds in the fetal skin grafts and surrounding fetal skin both healed without scar formation. This is in accord with the results of a previous study of incisional wounds in fetal lambs at the same gestational age and at the same 14-day time point postwounding.'3 At the time of wounding, the adult skin graft had retained its adult phenotype with an easily recognizable wool-bearing surface, whereas the fetal autograft could not be distinguished from the surrounding fetal skin except for the sutures used to secure the graft.
Vol. 219 -No. 1 These findings demonstrate that the more differentiated cells of adult skin cannot be modulated to heal in a scarless manner simply by exposure to the fetal environment. Neither an amniotic fluid environment nor perfusion by fetal blood prevented scar formation in the wounded adult skin graft. Therefore, the fetal environment alone does not support scarless repair. However, it is possible that the fetal environment, although not producing scarless healing, may alter adult wound healing, either in the rate of the healing or in the extent of scar formation. The gross and microscopic appearances of these adult wounds were similar to those seen in adult wounds healing in the normal adult environment,'3 but determining such possible subtle effects of the fetal environment will require more extensive studies to allow for the normal variation in adult wound healing.
It is possible that the structure of adult skin, particularly the epidermis, prevented it from absorbing important factors from the amniotic fluid and was thus unable to take advantage of the unique fetal environment. To investigate this possibility, 120-day-gestation fetal lamb skin was transplanted onto 60-day-gestation fetal lambs. Skin at 120 days of gestation heals by scar formation. 13 By transplanting it onto early-gestation fetuses, it was not possible to "turn back the developmental clock" and alter wound healing in late-gestation fetal lamb skin. This finding suggests that the state of differentiation of fetal skin at the time of wounding is an important parameter in whether or not the healing is scar-free.
The findings of this study are in broad agreement with the conclusions from investigations of wound healing in newborn and adult marsupials in which the immature pouch youngsters heal without scarring (ust like eutherian mammalian embryos) despite the absence of amniotic fluid and the presence of highly keratinized skin.'5 Similarly, human fetal skin heals without scar formation when it is transplanted to a subcutaneous location on an adult athymic mouse and subsequently wounded.7 Thus, amniotic fluid, fetal serum, and fetal blood components such as platelets are not required for scarless repair.
Why, then, does the adult and late-gestation fetal skin in an early fetal environment respond to wounding by scarring? Broadly, this can be considered in relation to the composition and architecture of the fetal and adult extracellular matrix and the fetal and adult cells. Fetal dermis consists ofa basket-weave network ofthin collagenous fibrils in a glycosaminoglycan-rich matrix. '6 In general, the adult dermis is denser, consists of larger diameter collagen fibrils, and shows less remodeling than does the fetal dermis. The fetal extracellular matrix often consists of fetal isoforms of the molecules in question, for example, fibronectin'7 and laminin, '8"19 and there is developmental regulation ofintegrin receptor expression in the maturing epithelium.20'2' There are also differences in dermal collagen; the presence of aminopropeptides of type I collagen in heterogeneous collagen fibrils is more common in the fetus compared with the adult.22 These differences between the fetus and adult may be important in modulating the nature of the wounding response. Interestingly, smaller diameter collagen I fibrils with a high turnover and a similar configuration to fetal collagen (in terms of attached type III collagen and the presence of type I aminopropeptide) occur adjacent to the epidermal-dermal junction in adult skin.22 This is also the region that shows minimal scarring on wounding. 23 Moreover, there may also be differences between the amounts ofgrowth factors bound to the extracellular matrix in fetal and adult skin24 and their subsequent release in an active form in response to the tissue changes after wounding, for example, pH and hypoxia.
There are at least two possible explanations for our findings. First, there may have been a transfer of mature tissue macrophages with the adult and late-gestation fetal graft. Previous studies have correlated the absence of scarring in fetal wounds with the sparse inflammatory response, as evidenced by reduced macrophage and monocyte infiltrates,'5 absence of endogenous immunoglobulins at the wound site,3 and low levels of peptide growth factors.24 These studies suggest that immature fetal immune cells do not respond to the wounding stimulus in a similar fashion to that of adult cells. Perhaps, transfer of mature resident tissue macrophages and monocytes with the adult and late-gestation fetal grafts resulted in an adultlike response to wounding; the absence of such cells in the early fetal skin and graft wound thus resulted in scar-free healing. Second, the differences in the healing response of the adult and fetal tissues may reflect intrinsic differences between fetal and adult cells and tissues, such as a more rapid and ordered deposition and turnover of fetal tissue components and a less differentiated state of the wounded fetal tissues. The early fetal cells and tissues are in general dividing faster and have higher biosynthetic levels, not only of extracellular matrix molecules, but also of their degradative enzymes. This may alter the response ofadult and fetal cells to the stimuli in the wound environment. It is well known that many growth factors and their receptors are differentially regulated; their numbers, affinity, and isoform type change with their developmental stage.25 For example, the growth of early human embryo fibroblasts is stimulated by transforming growth factor-$, whereas the growth of later stage human fetal fibroblasts is inhibited.26 Such differences may reflect differences in receptor number or receptor affinity. The developmentally regulated epidermal response to wounding in the chick embryo is probably the result of the underlying regulation of epidermal growth factor receptor expression and endogenous epidermal growth factor production.27 Em- 35 Because it is known that such transcription factors (e.g., a regeneration-specific homeobox gene36) are expressed during regeneration of newt limbs, it may be that their endogenous presence in early fetal cells has a marked effect on the response to wound stimuli.
The relative contributions of the fetal matrix and cells and the adult matrix and cells are now being experimentally tested by examining the healing interface of the adult skin graft and fetal recipient skin at various time points after adult skin graft placement. We are also using grafts of irradiated or proliferation-arrested adult tissues sutured onto fetal sheep and placing cross-species grafts with analysis using species-specific antibodies against components ofthe extracellular matrix.
This study highlighted the multiple complex differences between the fetal and the adult response to wounding and dramatically demonstrated that the scar-free fetal healing phenotype is not simply the result of being bathed in warm, sterile, growth factor-rich amniotic fluid. These experiments have led to the hypothesis that fetal healing must involve different cellular and matrix events than adult repair and that this process may be independent of the unique fetal environment.
